This article presents a methodology to teach students to develop mechatronic projects. It was taught in higher education schools, in different universities in Mexico, in courses such as: Robotics, Control Systems, Mechatronic Systems, Artificial Intelligence, etc. The intention of this methodology is not only to achieve the integration of different subjects but also to accomplish synergy between them so that the final result may be the best possible in quality, time and robustness. Since its introduction into the educational area, this methodology was evaluated and modified for approximately five years, were substantial characteristics were adopted. For the next ten years, only minor alterations were carried out. Fifteen years of experience have proven that the methodology is useful not only for training but also for real projects. In this article, we first explain the methodology and its main characteristics, as well as a brief history of its teaching in different educational programs. Then, we present two cases were the methodology was successfully applied. The first project consisted in the design, construction and evaluation of a mobile robotic manipulator which aims to be used as an explosives ordnance device. In the second case, we document the results of a project assignment for robotics tasks carried out by students which were formerly taught with the methodology.
Introduction
The birth of mechatronics in Mexican higher school educational programs took place in 1994 at the Universidad Anahuac del Sur. Since that date until now, there has been a continuous growth in the number of educational programs in that area (Tutunji et al. 2009 ). Some other universities joined this tendency: UPIITA in 1997, the Instituto Tecnológico de Estudios Superiores de Monterrey in 2000 and the National Institutes of Technology in 2003. In addition, national research centers opened departments dedicated to the development of this discipline. Moreover, a forum for the presentation and discussion of mechatronics projects was opened in 2001, and during this period the Mexican Association of Mechatronics was created, which annually carries out one of the most important conferences in the country in this area.
One of the first considerations about the Mechatronics Engineering programs was the clear conception of a structure on how this program should interact with the disciplines that integrate it; this was one of the issues addressed in the development of curricula and it leads the students to understand this behavior. In the first approach, mechatronics could be understood as the integration of mechanical, electronic and information technology (VargasSoto 2008) . It was also important for students to understand, assimilate in a practical way and philosophize on the nature of mechatronics (Vargas-Soto 2008) . But solving this aspect has not been an easy task because students tried to reach the goal without a predetermined plan, and therefore it was important to make students understand the active and dynamic interaction between disciplines in the foreground and a background on management of projects. These were the issues that would be taken into account in the first proposal. In the development of the first courses, a major emphasis takes place on the work for a project. And in the specialty courses such methodology helps to bring good practices and final projects.
In this sense, it was necessary to develop a methodology mainly for mechatronics applied in the curriculum of universities, and secondly in its actual project development. The methodological proposals that we previously published (Vargas-Soto 2008; Comenford 1994) were directly related to the development of robotics, specifically in the development of a walking robot systems (Secchi et al. 2007; Gorrostieta et al. 2007 ), due to its nature of integrating mechatronic's basic areas.
To avoid the confusion of what robotics and mechatronics is, the proposed methodology will be extended towards the development of projects. In this way, a second approach which integrates what has been previously mentioned and gives a wider field of coverage for all types of projects used in mechatronics is proposed.
In this paper, a collection of educational and working experiences of the implementation, monitoring and evaluation of the methodology is presented. The application of the presented methodology went beyond the education environment, by applying it in some industrial application projects where monitoring is allowed to achieve the goal in a reasonable time and reaching the design planned goals.
Methodology
Some of the elements that are fundamental in the formation of professionals in the Mechatronics area, include: the development of a work methodology to integrate the different areas involved in the project, a complete vision of the problem to solve and its possible solutions, and the time that is required for the project development.
Here the development of a mechatronics methodology, which is the result of several proposals, is presented. The first proposal was introduced by Rolf Isermann (1996) . Another one was presented along with preliminary results in Vargas and Rodriguez (2004) . The evolution of the first proposal was presented in Vargas (2008) . In addition, Vargas (2008) offers a business point of view besides the prototype development. As a result, certain published articles from authors of this paper are taken into account to achieve the conclusions (Habash and Suurtamm 2010) .
The fundamental part of the proposed methodology is structured in three big groups. The first is based on the formal and theoretical part of the developed project. The second is the part of building and implementation. And the last part is the evaluation and measurement. Usually, it is observed that when a development is not performed under a certain methodology, it is worked directly at a building and implementation level.
The first proposed model is organized by functional blocks as presented in Figure 1 .
Kinematics, Dynamics and Stability Models: this module includes the theoretical part of the prototype design. In the particular case of a mechanical system, the dynamics and cinematic of the system are considered. This block concentrates the formal part of the whole system, where the physical laws or the equations that take part on the different players that integrate the project are analyzed.
Computer Simulation: the simulation part corresponds to the initial efforts to integrate the various elements of the design of the control system, which is important for the development of block dynamics and kinematics stability; these are developed at the same time, while considering some of the physical system characteristics. In addition, in this section some of the hypotheses can be verified by making use of a simulator in order to obtain partial results that indicate correct progress. In this stage, a clarification is required on the development of the project; the designer should make use of the computational tools that help in the development of the global project. However, it is common to misuse computational tools, since some students incorrectly expect the simulator to solve the problem completely.
Model of the Prototype:
This part develops the mathematical model and prototype which integrates the main areas involved in its conformation. Obtaining a model will allow us to analyze from several views the result and performance of the prototype, and it will also reduce the development time. It is important to have an appropriate model for the application that is under development.
Mechanical Design of the Prototype:
This section has to deal with the structural design of the project. This has to be supported by the analysis of the systems, specifically by the studies of efforts by finite element analysis, the configuration according to the case, and the development of the project requirements. Design the Control System: In order to design a control system it is important to have a good mathematical model of it. In this stage, the relevant characteristics can be observed for the proposal of the control law to fit its needs, in such way that the conditions of the transient responses to the system, the stability and controllability conditions are taken into account. Once the analysis of this section is performed, it is proposed to build a control scheme and the simulation is carried out. Only then, the results are evaluated. In this part, the known techniques of design of control jointly with the obtained model, part of the simulation, and some characteristics of the prototype design which helps to determine already some practical parameters are used.
Build the Prototype:
Once the models, the simulation, the structural design and the control system are analyzed and verified, it is recommendable to continue building the prototype, integrating each described part with the aim of having most of the required characteristics at the end of the first version the prototype. Certain deviations or characteristics out of range It may occur, but, as Figure 1 shows, in case that this happens, students can return to the block of theory development and simulation.
Assemble and Test the Systems of the Prototype:
In this part of the methodology, the verification test of the system is achieved by the development specifications. These have to comply with the requirements; in case of no fulfillment, students return to the formal part were the current information can be corrected and redesigned.
Sensor and Actuators: This is the part where the interaction with the environment of the project or prototype to develop takes place. Therefore, we add the part of the sensors to capture the information from the environment and the actuators that help to act over the environment.
A/D and D/A Interfaces:
The conversion interface from analog to digital signals is made by transforming the analog signals that can be captured from the environment and that can be processed in a digital system. On the other hand, if taking action over a system or analog signal is required, the information usually comes from a digital system.
Computer Aided Instrumentation:
Once everything is correctly operating, there are two main parts that can be evaluated. The first is the behavior of the development, where it is necessary to monitor the relevant variables of the process and perform an evaluation or elaborate statistics. The other part is the evaluation of the applied models and their improvement.
In the second model an evolution and a generalization were performed. This was organized, as well, in several functional blocks as shown in Figure 2 .
As a result, the methodology of mechatronics projects is based on four stages. Modeling and computer simulation stage: In this stage, the cinematic, dynamic and control system modeling of the components of the device takes place. Computer simulations perform the validation of the proposed models with the aim of evaluating the modeling equations and of analyzing its results.
Manufacture and assembly stage:
In this stage the plans for the manufacture of the prototype pieces are designed. Several prototype components are bought and several pieces are manufactured. Next, the elements of the prototype are assembled and finally the prototype subsystems are tested.
Prototype stage: The different systems that integrate the whole prototype are adjusted and tested. These are redesigned if necessary, and several statistical operation tests are performed to achieve a certain level of confidence.
At this stage the technical specifications of the prototype are verified.
Comparison stage:
In this stage the comparison between the mathematical model and the real performance of the operating prototype is carried out. This generates new knowledge, leading to improvements in future prototypes, depending on the improvement criterions (weight, speed, precision and strength, among other characteristics).
Two Cases of Study

Mobile Manipulator
A mobile manipulator with 12 degrees of freedom was developed in order to perform some operations on objects, where it is important to mention the high complexity of the dynamic and kinematic model of the mechatronic system carried out as part of the computer simulation. This project was made by a Ph.D. student and a collaboration group. Figure 3 shows the Conceptual design of the mobile manipulator: Modeling and computer simulation: Based on the homogenous transformation graph and the kinematic interactions table is the forward kinematic developed, being with the transformation A_C, which is the coordinate "C" and from these are depicted the transformations of the wheels, the lift arms and the manipulator, considering the end effector "E" with the load "Eµ". This is shown in Figures 4 and 5 . The homogenous transformation of the mobile platform is:
and its parameters are: A C : x C 0 = var The increment of λ C depends on the following relation:
Then, the transformation of the local coordinate is obtained, GT C = A C and so are the transformations of the right and left wheels,
The dynamic model was done using Lagrange´s computational algorithm, based on the homogenous transformations. We developed the computer simulation using the letter L to describe each step. L1 is the description of each link of the interaction table HTG. L2 is the classification of the homogeneous transformation. L3 is the determination of the primary matrices of U ij . L4 is the determination of the secondary matrix U ijk . L5 describes the pseudo inertial matrices of each link. L6 is the inertia matrix
M(q) = [d ij ]. L7 is the determination of the Coriollis and centrifuge force parameters h ikm . L8 is the determination of the Coriollis and centrifuge forces. L9 is the determination of the gravity matrix G(q) = [c i ]
T and L10 is the dynamic
The two columns from S(q) are the null space from A(q) and are lineal independent. It could present ! q as the lineal combination of two columns from S(q).
and substituting in the Equation (4), Equations 5 and 6 result.
Manufacture and Assembly: Most components were manufactured in 7075 T6 aluminum alloy: AISI 4140 steel alloy and SAE 62 bronze alloy; analyzed and proposed after the Finite Element simulations, they were built by a Computer Numeric Control Machine. They used the G code generated by Solid Works to crate the pieces of the end effector (for the last course a gripper was performed). Other important developments of assembly were the electrical and the electronic stages. All of the electrical devices were calculated and assembled. Comparison and Validation Stage: Subsequently, the behavior of the mobile manipulator was simulated using Equation (6), from which the respective errors of each area were obtained as shown in Table 1 ; in this same sense Figure 7 presents the validation of materials proposed to manufacture components. 
Assessment of the Project:
Finally the comparison of errors of the simulations and real experimentation of 3 tasks was presented. For each task, 30 tests were carried out, (the kinematic modeling of the robot is validated according to these tests). 
Manipulador
A six-degree-of-freedom Industrial robotic arm was put into operation for a group of six undergraduate automation students. The challenge of this final project was the execution of a movement task. This work was required to fulfill two courses: Servo Systems and Manufacturing Engineering and Robotics. They used the methodology provided in this paper as follows:
Modeling and computer simulation: The first step of the project consists on modeling the mechanical parts under specific requirements. Since the mechanic part of the robot is already designed, students are committed to accomplish the end-effector mechanism. In their Manufacturing course, they learn how to do it by means of Solid Works. Besides, they calculate the motion profiles such as velocity and position in Servo Systems. In the Robotics course students calculate the kinematics of the robot by using Matlab.
Manufacture and Assembly:
Regarding the manufacture of the aluminum parts, they were accomplished by a Computer Numeric Control Milling Machine. They used the G code generated by Solid Works to crate the pieces of the end effector (for the last course a gripper was performed). Two other important developments of assembly were the electrical and electronic stages. All of the electrical devices were calculated and assembled.
Computer Assisted Design for the control stage was used; this is shown in Figure 9 . Six servo drives were interconnected by a motion controller card. According to (Gómez-Espinosa et al. 2014; Rodríguez-Reséndiz et al. 2011 ) the assembly of the system can help e students to discuss issues about troubleshooting. Because this project was developed in the final block of the undergraduate program, the teams have the sufficient skills to manage topics required such as: Electrical Machines, Advanced Programming, and Electrical Installations; to mention, a few (Rodríguez-Reséndiz. Et al. 2012) Figure 9 shows the final assembled project.
Comparison and Validation Stage: certain routines are tested with the robot, permitting to verify the built system. Therefore, mathematic equations are compiled in software.
The generated algorithms are downloaded to the motion controller which performs the motion profiles and sends the signals to the servo amplifiers. Finally, movements in the motor can be observed because of the signal provided by the servo drive. Assessment of the Project: Currently, the undergraduate program advances towards ABET certification (Olds and Miller 2005) . Eventually, skill criteria will be evaluated in the project, so that it may be attractive to other similar programs that want to be accredited. Some of these skills are: Table 2 . Assessed Skills for the proposed methodology.
Skill Assessed Mechanism
a. An ability to apply the knowledge, techniques, skills, and modern tools of the discipline in order to narrowly define engineering technology activities.
Modern tools of software and hardware are used to generate a retrofit in a robot arm.
b. An ability to apply a knowledge of mathematics, science, engineering, and technology to engineering technology problems that require limited application of principles but extensive practical knowledge.
Kinematic based on vectored algebra; new technology in motion control applied in a retrofit that requires an industrial process.
c. An ability to conduct standard tests and measurements, and to conduct, analyze, and interpret experiments.
Energy quality analysis is conducted in the project. Interpretation of different signals is also generated by sensors, and actuators are studied.
d. An ability to effectively function as a member of a technical team. This work was accomplished by a team. Students are organized to perform the different tasks. For instance, some students work in the kinematic, and others work in the electrical part. Finally, they mix their experience when the assembling part is carried out (Rodríguez-Reséndiz. et al. 2012) .
Results
The proposed methodology has been the result of several years of experience in the Mechatronics teaching area and in the development of projects. In Table 3 a summary of some of the courses where the proposed methodology was utilized as part of its content is presented. In each one of the courses, as usual, different conditions that contributed to the enrichment of the proposal exposed in this article are presented. When the methodology was introduced to the students at the first engineering courses, they could generate an overview of the projects elaboration and the structure of the study plan. In Figure 1 , we can observe that the blocks along the professional career will become the name of the courses. During the project development courses, the participants structured the solution and participated in the beginning of the project to be developed, highlighting and giving an especial place to courses and areas that will help in the development and integration of the project.
The development of the methodology was applied at first time in the development of walking robots. Some results of the work are published (Vargas 1998; Vargas-Soto Emilio 2012) at the different stages that the methodology offers.
Another level of application was given by taking the methodology as main support at several courses and certifications. One of the courses was offered to the Faculty of Sonora University. And other significant example was a certification for the department of development and research of Takata Company, where the aim was focused in the development of new products and projects. From these experiences, good results were obtained. At universities, the course was implemented previous to the opening of the bachelor major. Regarding the company, the most interesting part was the development of products in a shorter period of time and under a specific structure. In different ways, the methodology contributes to the formation of professionals in mechatronics.
In the first case of study, the project was practically developed in all of its stages. Here, the model development in which the three subsystems are involved was presented.
In the same way, the mechanics, all the simulation part and the control systems were developed. In the second case of study this was directly applied in the teaching of several courses at bachelors with different majors in Mechatronics, Instrumentation or Electronics.
On the other hand, this methodology was also used in the development of applied technological projects. To cite some examples, it was used in a meat electro-stimulating device and in the development and vibration analysis in the building of acoustic guitars (Gorrostieta et al. 2012) . In this projects, the methodology was under validation and evaluation, given that there is no trivial relationship with the original proposed areas.
Conclusions
This paper shows a series of collaborative experiences in academic projects. These projects were carried out using a methodology that has been proven effective to generate mechatronics technology. Additionally, the participation of students in research and development projects allows highly qualified academic training in Mechatronics Engineering, so that the knowledge and skills achieved in the projects will allow participants to succeed in their future development projects and research.
As an example of the effectiveness of the presented methodology, the paper describes some of the projects undertaken by the authors. The successful conclusion of each project in a relatively short time, gives us confidence to continue working with the described methodology.
